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In this work, we demonstrate an approach for improved sensitivity in weak radio frequency (RF)
electric-field strength measurements using Rydberg electromagnetically induced transparency
(EIT) in an atomic vapor. This is accomplished by varying the RF frequency around a resonant
atomic transition and extrapolating the weak on-resonant field strength from the resulting off-
resonant Autler-Townes (AT) splittings. This measurement remains directly traceable to SI com-
pared to previous techniques, precluding any knowledge of experimental parameters such as optical
beam powers as is the case when using the curvature of the EIT line shape to measure weak fields.
We use this approach to measure weak RF fields at 182 GHz and 208 GHz demonstrating improve-
ment greater than a factor of 2 in the measurement sensitivity compared to on-resonant AT splitting
RF electric field measurements. [http://dx.doi.org/10.1063/1.4947231]

In a recent work, we (and others) have demonstrated a
fundamentally new approach for electric (E) field measure-
ments' > that can lead to a self-calibrated measurement and
has the capability to perform measurements on a fine spatial
resolution. The approach utilizes the concept of electromag-
netically induced transparency (EIT)."*® Consider a sample
of stationary four-level atoms illuminated by a single weak
(“probe”) light field, as depicted in Fig. 1. In this approach,
one laser is used to probe the response of the atoms and a
second laser is used to excite the atoms to a Rydberg state
(the coupling laser). In the presence of the coupling laser, the
atoms become transparent to the probe laser transmission
(this is the concept of EIT). The coupling laser wavelength is
chosen such that the atom is at a high enough state such that
an radio frequency (RF) field can cause an atomic transition
of the atom. The RF transition in this four-level atomic sys-
tem causes a splitting of the transmission spectrum (the EIT
signal) for a probe laser. This splitting of the probe laser
spectrum is easily measured and is directly proportional to
the applied RF E-field amplitude (through Planck’s constant
and the dipole moment of the atom), see Ref. 1 for details of
the technique’s theory. By measuring this splitting (Af,,), we
get a direct measurement of the magnitude of the RF E-field
strength for a time-harmonic field from the following:'

|E| = nE&Afm = 27rﬁAfo, (1)
© e @)

where /,, and /. are the wavelengths of the probe and coupling
lasers, Af,, is the measured splitting and Af, = %”Afm, 7 is the
Planck’s constant, and g is the atomic dipole moment of the
RF transition (see Ref. 1 for discussion on determining ¢
and values for various atomic states). The ratio ii accounts for
the Doppler mismatch of the counter propagatihg probe and
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coupling lasers,® resulting from the different wavelengths
interacting with the moving atoms. We consider this type of
measurement of the E-field strength a direct, SI-traceable,
self-calibrated measurement in which it is related to the
Planck’s constant (which will become an SI quantity defined
by standard bodies in the near future) and only requires a fre-
quency measurement (Af,,, which can be measured very
accurately).

This technique has shown promise to measure moderate
to high field strengths."”~ However, it can pose some diffi-
culties for weak field strength, which can be a problem when
performing the measurements for frequencies in the upper
millimeter-wave and sub-THz bands where power levels can
be low. For weak field strength, it can be difficult to detect
and measure the splitting in the EIT signal. The problem of
measuring Af,, for these high frequencies is made worse
because of the size of the dipole moment (p) of the RF
driven Rydberg-Rydberg transition. The measurement at
these high frequencies requires a small principal atomic
number (n), or a low Rydberg state, and the values of the
dipole moments (g) for these low n are significantly smaller
than those for the lower GHz range (or large n range), see
Fig. 6 in Ref. 1. Thus, since the measured Af,, is directly pro-
portional to the product of “p |E|” (see Refs. 1 and 2), when
the E-field strength is weak and the frequencies are high
(small 7, and in turn, small values of p), the ability to mea-
sure Af,, becomes problematic. In this paper, we demonstrate
an approach to mitigate this.

A typical measured EIT signal for this technique is
shown in Fig. 2 for the cases with and without RF applied.
The experimental setup for these measurements is shown in
Fig. 1. We use a cylindrical glass vapor cell of length 75 mm
and diameter 25 mm containing rubidium-85 (®3Rb) atoms.
The levels |1), |2), |3), and |4) correspond, respectively, to
the 3°Rb 5, /2 ground state, 5P3, excited state, and two
Rydberg states. The probe is a 780 nm laser which is scanned
across the 55 ,—5P3, transition. The probe beam is focused
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FIG. 1. Illustration of a four-level system, and the vapor cell setup for meas-
uring EIT, with counter-propagating probe and coupling beams. The RF is
applied transverse to the optical beam propagation in the vapor cell.

to a full-width at half maximum (FWHM) of 94 um, with a
power of 17.5 uW. To produce an EIT signal, we apply a
counter-propagating coupling laser (wavelength 4. ~ 480 nm)
with a power of 32 mW, focused to an FWHM of 144 um. The
coupling laser is tuned near the 5P3/,—26Ds/, Rydberg transi-
tion (1, = 483.924nm). We modulate the coupling laser am-
plitude with a 30kHz square wave and detect any resulting
modulation of the probe transmission with a lock-in amplifier.
This removes the Doppler background and isolates the EIT sig-
nal, as shown in the solid curve of Fig. 2. The application of
RF (via a horn antenna placed 265 mm from the vapor cell) at
132.646 GHz to couple states 26Ds, and 27P; ), splits the EIT
peak as shown by the dashed curve in the figure. We measure
the frequency splitting of the EIT peaks in the probe spectrum,
Af;n, and determine the E-field amplitude using (1) as shown in
Fig. 2.

The power levels stated in the figure caption (and stated
throughout the paper) are the power reading of the signal
generator (SG) that feeds the waveguide which, in turn, feeds
the horn antenna. Due to the losses in the feeding waveguide,
the reflections and losses in the horn antenna, and propaga-
tion losses, this is not the power level (or E-field strength)
incident onto the vapor cell.

The difficulties of measuring a splitting for weak field
strength are shown in Fig. 3. These data were collected with
the same experimental parameters as the data shown in Fig.
2 except for a low SG RF power (or —44 dBm) or low inci-
dent E-field strength. Here, we see that it is difficult to distin-
guish a splitting in the EIT signal.

We should add that the ability to distinguish the splitting
in the EIT line is a function of the width of the EIT signal.
This line width is a function of various parameters ranging
from laser line width, to Doppler broadening, to power of both
the probe and coupling lasers. Several of these effects are dis-
cussed in Ref. 10. In this paper, we will discuss an approach to
improve minimum detectable splitting for a “given” EIT line
width, and not discuss how to minimize the EIT line width.

We can overcome this difficulty of measuring a small
Af,, by using an RF detuning method. When an RF field is
detuned from its resonant transition frequency, it has two
main effects on the observed splitting of the EIT signal.

Appl. Phys. Lett. 108, 174101 (2016)
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FIG. 2. This dataset is for 132.6459 GHz and corresponds to this following
4-level atomic system: 585 — 5P3/; — 26Ds5;, — 27P3),. (a) lllustration of
the EIT signal (i.e., probe laser transmission through the cell) as a function
of probe laser detuning Ap. The SG RF power level is —29.4dBm. (b)
Estimated E-field.

First, the two peaks of the EIT signal are non-symmetric
(i.e., the heights of the two peaks are not the same). Figure 4
shows two examples where the RF is detuned =50 MHz and
*30MHz on either side of the resonant transition frequency
for a 26Ds/3 — 27P3), transition (Fig. 4(a) is for an SG
power level of —29.4 dBm and Fig. 4(b) is for —44.0 dBm).
The on-resonant RF frequency for this transition is
133.6459 GHz. We see from the figure that if the RF fre-
quency is lower than the on-resonant frequency, the left peak
is lower than the right. If the RF frequency is higher than the
on-resonant frequency, the right peak is lower than the left.
The second effect of the RF detuning is that the separation
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FIG. 3. EIT signal for 132.6459 GHz and RF power of —44 dBm.

between the two peaks increases with RF detuning. The peak
separation (measured in MHz) with the RF detuning is given
by the following:"'

Afs =/ (0re) + (A,)7 2
where O is the RF detuning (dgr = f, — frr; f, is the on-
resonance RF transition and fgzr the frequency of the RF
source) and Af, is the separation of the two peaks with no
RF detuning (or when ogr = 0). Figure 5 shows the experi-
mental data for Afs for 26Ds/3 — 27P3,. Notice that the ex-
perimental data agree well with Equation (2).

By performing a series of measurements for various RF
detunings, a data set can be fit to the above expression in order
to determine Af, for weak RF fields, which in turn can be
used in Eq. (1) to calculate |E|. To illustrate this, we per-
formed two sets of RF detuning experiments at 208.30 GHz
(to couple states 23Ds,, and 22F;/,) and 182.149 GHz (to
couple states 24Ds/, and 23F ). These results are shown in
Fig. 6. In this figure, we show data for various SG power lev-
els. In these experiments, the probe is a 780 nm laser which is
scanned across the 55;,,-5P3/, transition and focused to an
FWHM of 75 um, with a power of 30 uW. To produce an EIT
signal, we apply a counter-propagating coupling laser (wave-
length A, ~ 480nm) with a power of 53 mW, focused on an
FWHM of 140 um. For the 208.30 GHz measurement, we
tuned the coupling laser near the 5P3,,-23D Rydberg transi-
tion or A. = 484.49nm, and for the 182.149 GHz measure-
ment, we tuned the coupling laser near the 5P3/,-24D
Rydberg transition or A, = 484.02 nm. A horn antenna placed
at 47mm (197 mm for 182.15 GHz) from the vapor cell is
used for the RF source.

For the 208.3 GHz measurements, the four SG power
levels were low enough that the E-field strength at the vapor
cell was too small to see any splitting in the EIT signal for
ogr = 0. For all four of the SG power levels, the EIT signals
are similar to those shown in Fig. 3, in which it was difficult

Appl. Phys. Lett. 108, 174101 (2016)
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FIG. 4. EIT signal for (a) SG power level of —29.4 dBm and dgr = =50 MHz
and (b) SG power level of —44.0 dBm and dgr = =30 MHz.

to distinguish any Autler-Townes (AT) splitting. This is indi-
cated in Fig. 6 by noting that there are no data for dgr = 0
and data can only be collected for |0gr| > 5 MHz. That is, no
splitting could be observed in the EIT signal unless the RF
was detuned by 5 MHz; hence, the E-field strength could not
be determined. However, by fitting the data to the expression
given in (2), Af, can be estimated. The data sets for the four
different SG power levels were fit to the expression in Eq.
(2). These fits were used to determine Af, and values are
given in Table I. Also in the table are the calculated E-fields
at the vapor cell obtained from Eq. (1). The dipole moment
for this transition was calculated to be p = 317.141eaq,
(which includes an angular part of 0.4899 since co-linear RF
and optical beams were used). The blank entries in the table
for the splitting measurements (i.e., no RF detuning) indicate
that AT splitting could not be observed and no data could be
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FIG. 5. Experimental data for Af; for 26Ds/3—27P3, for —29.4dBm.

collected. The results in Fig. 6 and in Table I indicate that
with RF detuning it was possible to detect an E-field
strength, which was not possible without detuning.

For the 182.149 GHz measurements, we see that for two
of the SG power levels, and we do have data for dgr = 0.
However, at some point the SG power levels are low enough
that the E-field strength at the vapor cell is too low to detect
any splitting for dgz = 0. This is indicated in Fig. 6 by noting
that there are no measured data for dgr = 0 for SG power
equal to —15.30dBm and —17.25 dBm. However, we do have
data for all power levels when dgr > 5 MHz. By fitting the
data to the expression given in (2), Af, can be determined and
the E-field strength for all four SG power levels can be calcu-
lated. These values are given in Table 1. The table also shows
results for the estimated Af, and |E| from just measuring the
splitting at dgr = 0. Once again, by using RF detuning we are
able to estimate Af, and |E| for weak field strength, which is
not possible by using just the EIT signal at ogr = 0 (the blank
entries in the table). The dipole moment for this transition was
calculated to be p = 346.529¢a, (which includes an angular
part of 0.4899 since co-linear RF and optical beams were
used). We see that by using the RF detuning approach, we
were able to measure an E-field strength of about a factor of 2
smaller than that when the detuning approach is not used. The
uncertainties of these types of measurements are currently
being investigated."'*!?

Note that there is a limit for which the detuning approach
can still be used. This is explained by referring to Fig. 6.
Notice that the wings of the detuning curves approach one
another and begin to merge together. When this occurs, the fit-
ting algorithm has difficulty fitting the different datasets to
Eq. (2), and in turn has difficulty determining unique values
for Af, for very-weak E-field strengths.

On a side note, fitting the expression given in Eq. (2) to the
RF detuning data also allows us to determine the on-resonant
RF transitions (i.e., f,). This measured f,, allows for us to make
comparisons to the calculated values of f, as determined from
quantum defects; in effect, assessing the values of the current

Appl. Phys. Lett. 108, 174101 (2016)
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FIG. 6. RF detuning experiments: (a) 208.30 GHz and (b) 182.15 GHz.

available quantum defects. A paper detailing this is presently
being written. With that said, we fitted Eq. (2) to all the data
sets given in Fig. 6 and determined f, = 208.305 GHz for the
data in Fig. 6(a) and f, = 182.154 GHz for the data in Fig.
6(b). Using the best available quantum defects for Rb,"*" we
calculated these RF transitions to be f, = 208.299 GHz and

f» = 182.149 GHz, respectively.



174101-5 Simons et al.

TABLE I. Detuning estimates of Af,, for 182 GHz and 208 GHz.

208.30 GHz: 23D5/2 — 22F7/2

SG power level RF detuning fits to Eq. (2) On-resonant AT splitting
—20.45dBm Af, = 12.8 MHz Apy=—
|E|=5.08 V/m |E|=—
—22.00 dBm Af, = 10.8 MHz Af,=—
|E|=4.29 V/m |E|=—
—23.75 dBm Af, = 8.9 MHz ANy=—
|E|=3.53V/m |E|=—
—25.00 dBm Af, =7.5 MHz Ay=—
|E|=2.98 V/m |E|=—
182.15 GHz: 24D5»-23F7 ),
SG power level RF detuning fits to Eq. (2) On-resonant AT splitting
—11.15 dBm Af, = 13.6 MHz Af, = 13.3 MHz
|E|=4.94V/m |E|=4.84V/m
—13.20 dBm Af, = 10.2 MHz Af, = 9.83 MHz
|E|=3.71V/m |E|=3.57V/m
—15.30 dBm Af, = 7.8 MHz Af,=—
|E| =2.84V/m |E|=—
—17.25 dBm Af, = 6.0 MHz Ay=—
|E|=2.18 V/m |E|=—

In this paper, we have demonstrated a technique based
on using frequency detuning to improve the sensitivity of RF
E-field measurements via EIT in Rydberg atoms in vapor
cells. We presented data for two frequencies that show by
using the RF detuning we are able to determine the splitting
and E-field strength for weak field levels, which is not possi-
ble by using just the EIT signal at dgr = O (i.e., on-resonant
AT splitting). The technique presented overcomes the prob-
lem with standard EIT measurement approach (i.e., difficul-
ties in detecting and measuring on-resonant splitting in the
EIT signal), which can be of particular importance for meas-

Appl. Phys. Lett. 108, 174101 (2016)

urements in upper millimeter-wave and sub-THz bands,
where the power levels can be low.
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